Vibrio vulnificus is an estuarine bacterium capable of causing rapidly fatal infections through both ingestion and wound infection. Like other opportunistic pathogens, V. vulnificus must adapt to potentially stressful environmental changes while living freely in seawater, upon colonization of the oyster gut, and upon infection of such diverse hosts as humans and eels. In order to begin to understand the ability of V. vulnificus to respond to such stresses, we examined the role of the alternate sigma factor RpoS, which is important in stress response and virulence in many pathogens. An rpoS mutant of V. vulnificus strain C7184o was constructed by homologous recombination. The mutant strain exhibited a decreased ability to survive diverse environmental stresses, including exposure to hydrogen peroxide, hyperosmolarity, and acidic conditions. The most striking difference was a high sensitivity of the mutant to hydrogen peroxide. Albuminase, caseinase, and elastase activity were detected in the wild type but not in the mutant strain, and an additional two hydrolytic activities (collagenase and gelatinase) were reduced in the mutant strain compared to the wild type. Additionally, the motility of the rpoS mutant was severely diminished. Overall, these studies suggest that rpoS in V. vulnificus is important for adaptation to environmental changes and may have a role in virulence.
The gram-negative bacterium Vibrio vulnificus is one of the most invasive and rapidly fatal human pathogens, causing three distinct syndromes of infection: primary septicemia through ingestion of raw or undercooked shellfish (primarily oysters), wound infection by exposure of a preexisting wound to seawater or shellfish, and gastroenteritis (35) . Primary septicemia results in a high fatality rate of ca. 60% but occurs primarily in individuals who are immunocompromised or have a chronic liver disease (for recent reviews, see references 20 and 46) . V. vulnificus is widely distributed in aquatic environments and has been isolated from seawater, sediment, plankton, animals, fish, and bivalves primarily along the eastern and Gulf coasts of the United States. This bacterium has also been found in various other countries, including Brazil, Korea, and several European countries (35) .
V. vulnificus encounters numerous stresses in its natural environment and upon entry into the human host. The stresses include both high and low temperatures, periods of nutrient starvation, osmotic changes, and oxidative stress. Bacteria react to such environmental perturbations by the production of stress proteins which guarantee the continued viability of the bacteria under otherwise deleterious conditions. In Escherichia coli, the rpoS-encoded sigma factor, RpoS ( s ), is a central regulator of many stationary-phase-responsive genes, as well as genes involved in adaptation to diverse types of stresses. These stresses include starvation, osmotic stress, low pH, nonoptimal high or low temperatures, and oxidative damage (9) . In general, RpoS appears to be present in the gamma branch of proteobacteria and functions as a general stress regulator (9, 49) . In Vibrio cholerae, RpoS plays a crucial role in survival under a variety of stressful situations, including exposure to H 2 O 2 , hyperosmotic stress, and nutrient deprivation (50) . In contrast, RpoS in Vibrio harveyi does not appear to have a role in surviving oxidative or hyperosmotic challenge, but it does function in surviving ethanol stress and persisting during the stationary phase of growth (19) . In addition to its role in stress adaptation, RpoS is known to control the expression of various virulence genes (4, 5, 8, 17) and is involved in colonization and adhesion to host tissue (24, 37, 40) . A recent publication reported increased mRNA levels of Pseudomonas aeruginosa rpoS in chronically infected cystic fibrosis patients (6) , suggesting an upregulation of rpoS upon entry into the human host and therefore a role during infection.
With V. vulnificus, an indication that adaptation to environmental stress may be important was our finding that cells encountering an osmotic upshift respond by becoming resistant to potentially lethal temperatures (both high and low), to osmotic and ionic shock, and to oxidative stress (44) . Furthermore, osmotic shock-or nutrient-stressed cells of V. vulnificus resist the bactericidal effects of human serum (34) . Thus, the regular environmental stresses that V. vulnificus encounters appear to result in cells which are more able to survive these adverse environments and may also make the cells more able to initiate human infections.
V. vulnificus has been shown to produce many extracellular products which could help in adaptation to environmental changes. V. vulnificus expresses capsule, produces both hydroxamate and phenolate siderophores, and secretes macromolecule-degrading enzymes, such as hemolysin, protease (vvp), hyaluronidase, elastase (vvpE), chondroitin sulfatase, phospholipase, and mucinase (20) . These proteolytic activities have been shown to increase vascular permeability, cause hemor-rhagic damage, and facilitate the acquisition of iron by digesting various proteins, such as heme proteins (30, 31, 33) . Interestingly, the expression of vvp seems to be controlled by SmcR, the V. harveyi LuxR homologue in V. vulnificus, and is thereby linked to the quorum-sensing (cell-density-dependent) regulatory system, although the regulatory mechanism (positively or negatively regulated) is still unclear (23, 43) . Similarly, the expression of the hemagglutinin (HA)/protease gene hap in V. cholerae is positively controlled by the LuxR homologue, HapR (14) . In addition, the expression of hap and/or its secretion is controlled by RpoS, as an rpoS-deficient mutant lacks HA/protease activity in its supernatant (49) . Furthermore, in V. vulnificus, expression of the elastase gene, vvpE, is decreased 10-fold in an rpoS mutant compared to the parent strain (12) .
In order to begin to study the role of rpoS in the adaptation of V. vulnificus to environmental changes, we constructed an rpoS mutant strain by homologous recombination. Phenotypic evaluation indicated that the rpoS mutant is more susceptible than the parent strain to many stressful environmental changes. Moreover, activity of five of the nine exoenzymes tested was abolished or reduced in the mutant. Finally, the motility of the rpoS mutant was dramatically reduced. Taken together, our data indicate that the alternate sigma factor, RpoS, is important for the adaptation of V. vulnificus to the highly variable environmental conditions that the bacterium is likely to face in seawater, oyster gut, eels, and humans.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are described in Table 1 .
Media and growth conditions. V. vulnificus cells were grown in heart infusion (HI) broth (Difco, Detroit, Mich.) (pH 7.0) at 22°C with agitation. For cultivation of the rpoS mutant (AH1), chloramphenicol was added to the growth medium at 15 g/ml. E. coli cells were typically grown in Luria-Bertani (LB) broth (26) at 22°C with shaking. The semisolid motility agar plates (M agar) contained 10 g of tryptone per liter, 20 g of NaCl per liter, and 3.25 g of agar per liter (16) . If required for plasmid selection, kanamycin (50 g/ml), ampicillin (75 g/ml), chloramphenicol (15 g/ml), or streptomycin (50 g/ml) was added. In order to induce ptac expression, plates were supplemented with 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG).
Standard DNA methods. Genomic DNA from V. vulnificus was isolated using the Qiagen Genomic-tip system (Qiagen, Valencia, Calif.). Plasmids were prepared from E. coli using the Qiagen Plasmid Mini kit. Digestion by endonucleases, ligation reactions, and PCR were performed by standard procedures (41 (7), and multiple alignments were performed using CLUSTAL X (11). The amplified fragment was ligated into cloning vector pCRII Topo using the Topo TA cloning kit (Invitrogen, Carlsbad, Calif.). Cells of E. coli strain Top10 were transformed with the ligation mixture, and ampicillin-resistant transformants were screened for the presence of an rpoS fragment, yielding plasmid pHA3.
Construction of an rpoS mutant. An rpoS mutant of V. vulnificus strain C7184o was constructed by inserting a suicide vector into the chromosome as originally described by Miller and Mekalanos (27) . Briefly, plasmid pHA3 was digested with the restriction endonucleases XbaI and SstI, and the rpoS fragment was ligated to the suicide vector pNQ705 (28) that had been linearized with the same enzymes and dephosphorylated. E. coli SM10pir cells were transformed with the ligation mixture, and chloramphenicol-resistant transformants were tested for the presence of the correct fragment by restriction analysis, resulting in plasmid pHA4. E. coli SM10pir (donor) was used for mobilizing the suicide construct pHA4 into V. vulnificus C7184o (recipient). Cultures of donor and recipient grown overnight were washed in LB broth. Recipient cells were incubated at 45°C for 15 min and mixed with donor cells at a 1:3 ratio (vol/vol). Aliquots (100 l) were spotted onto a nitrocellulose filter (0.45-m pore size; Millipore, Bedford, Mass.) on an LB plate and incubated overnight at 22°C. The filter was transferred to a microcentrifuge tube containing LB broth to wash the cells. Chloramphenicol-resistant transconjugants carrying the mobilized plasmid integrated into the chromosome by homologous recombination were selected on LB agar plates containing chloramphenicol at 2 g/ml and polymyxin B at 100 U/ml. The integral mutation was subsequently verified by Southern blot analysis, yielding mutant strain AH1. For Southern blot hybridization, the 550-bp rpoS fragment amplified with oligonucleotides AH03 and AH04 was labeled using a digoxigenin-dUTP DNA label and detection kit (Roche Diagnostics GmbH, Mannheim, Germany) and was subsequently used as a probe in Southern hybridization. Hybridization was performed according to the manufacturer's manual.
Construction of RpoS-complementing plasmid and strain. An approximately 1-kb amplicon containing a promoterless copy of the V. vulnificus rpoS gene was generated using V. vulnificus strain C7184o genomic DNA as a template, Ex-Taq DNA polymerase (PanVera, Madison, Wis.) and the oligonucleotide primers Rpos up (5Ј-TGC TAA CTC GCC ATG GGG AG-3Ј) and Rpos dn (5Ј-GCC AAG CGT TAG AAG CCC TA-3Ј) (Bio-Synthesis, Inc.). The genomic sequence of V. vulnificus strain CMCP6 (GenBank accession no. AE016795) was used to generate the primers. The nucleotide sequence of the 550-bp fragment of rpoS used in the mutant matched exactly that segment of the rpoS gene from CMCP6 (data not shown). This amplicon was ligated into the cloning vector pCRII Topo. Cells of the E. coli strain TOP10 were transformed with the ligation mixture, and kanamycin-resistant transformants were screened for the presence of the rpoS gene, yielding plasmid pTR1. The rpoS gene was cloned into the IncQ, broad-host-range expression vector pJAK13 (a gift from D. Figurski), allowing inducible expression of the gene from the ptac promoter. A fragment containing the rpoS gene was obtained by digestion of pTR1 with KpnI and XbaI. This fragment was ligated into XbaI-KpnI-digested pJAK13. E. coli strain SM10pir was transformed with the ligation mixture, and streptomycin-resistant transformants were screened for the presence of the rpoS gene, yielding pTR3. E. coli SM10pir was used as the donor to transfer pTR3 into the V. vulnificus rpoS mutant strain AH1 as described above, with selection of the transconjugants on media containing chloramphenicol (2 g/ml), streptomycin (50 g/ml), and polymyxin B (100 U/ml). Transconjugants were confirmed to harbor pTR3 using restriction digestion, yielding the RpoS-complementing strain, V. vulnificus AH1(pTR3).
Catalase assays. Dialyzed cell extracts were prepared as previously described (32) . Protein concentrations were determined by the method of Lowry et al. (21) 8 CFU/ml. An aliquot (100 l) was taken, added to an appropriate medium (900 l) to give the test conditions described below, and incubated at 22°C. At indicated time points, an aliquot was withdrawn to determine the survival rate as indicated by plate counts.
Test conditions were oxidative challenge (2 mM H 2 O 2 in ASW), osmotic challenge (2.7 M NaCl in ASW), ethanol challenge (10 and 12.5% ethanol in ASW), heat challenge (42°C in HI broth), acidic challenge (HI broth adjusted with HCl to pH 4), and starvation (ASW). In most experiments, ASW was used as a diluent, resulting in an osmotic upshift and nutrient deprivation. To ensure that this challenging condition was not responsible for the differences observed during the various tests, we observed survival in ASW over a time period of 60 min. No statistical difference was observed between the mutant and parent strains; the average survival rate was 70% (data not shown).
Values are the means of duplicate samples from a typical experiment, and each experiment was performed at least twice. Error bars represent standard errors of the means.
Exoenzyme expression. Cultures were grown overnight in HI broth, and the presence of several exoenzymes was examined as described previously (36) . Briefly, the activities of various enzymes were determined following inoculation of cultures onto HI agar to which the following substrates had been added: 0.2% hide powder azure (Sigma, St. Louis, Mo.) for collagenase, 1% gelatin for gelatinase, 1% Tween 80 for lipase, 1% porcine stomach mucin type II (Sigma) for mucinase, 5% sheep red blood cells for hemolysin, and 10 mg of bovine serum albumin (Sigma) per ml for albuminase. In addition, caseinase activity was observed on tryptic soy agar containing 1% skim milk, and phospholipase (lecithinase) on McClung Toabe agar (Difco). A spectrophotometric assay, monitoring release of dye from elastin-Congo red (Sigma) following incubation with test cells, was employed to assay elastase activity (36) . In the plate assays, clearing zones (if appropriate, following addition of coagulants) were measured and compared with appropriate controls. All experiments were performed in duplicate and repeated at least once.
To determine exoprotease activity as a function of growth, cells were cultured in HI broth at 37°C and samples were taken at different time points. Cell-free supernatants were prepared and stored at Ϫ80°C. Elastase activity was determined as described above using elastin-Congo red (Sigma). Collagenase activity (1) was assayed using hide powder azure (Sigma). For caseinase activity, azocasein (Sigma) was used as described by Swift et al. (48) . All experiments were performed in duplicate and repeated at least once.
Complementation. The rpoS mutant was complemented in trans using the caseinase assay described above. Cultures of V. vulnificus strains C7184o, AH1, AH1(pJAK13), and AH1(pTR3) were grown overnight to saturation in HI broth at 22°C with antibiotics supplemented as appropriate. Ten-microliter aliquots of the culture were added to tryptic soy agar containing 1% skim milk (with 1 mM IPTG added to induce rpoS expression) to measure caseinase activity. Plates were grown over several days at either 22 or 37°C. Caseinase activity was determined by measuring the clearing zones formed around the colony.
Motility. Cultures of V. vulnificus strains C7184o, AH1, AH1(pJAK13), and AH1(pTR3) were grown to stationary phase in HI broth at 22°C with antibiotics if appropriate. Two-microliter aliquots of the culture were added to M agar containing 1 mM IPTG. Plates were incubated for 20 h at 22°C. Motility was measured by the size of the growth ring.
Nucleotide sequence accession number. The nucleotide sequence of the portion of the rpoS gene determined in this study has been deposited in the GenBank database under accession no. AY163815.
RESULTS

Construction of an rpoS mutant.
A 550-bp fragment of the rpoS gene in V. vulnificus was amplified and sequenced. The deduced amino acid sequence had 98, 98, 93, and 82% sequence identity values to the corresponding sequence of homologous proteins in V. harveyi (accession no. AF321124), Vibrio parahaemolyticus (accession no. AF144608), V. cholerae (accession no. AF000945), and E. coli (accession no. AF275947), respectively. The rpoS fragment was cloned into plasmid pCRII, yielding pHA3. Using the restriction sites within the polylinker of this vector, the insert was cut out of the vector and cloned into the suicide vector pNQ705, yielding pHA4. A V. vulnificus rpoS mutant strain was constructed by inserting the mobilized vector pHA4 into the chromosomal copy of rpoS by homologous recombination. Southern blot analysis was performed to verify the correct insertion (data not shown). Complementation of the rpoS mutation was seen when an RpoS expression plasmid was present in trans (see Fig. 3 and the caseinase activity described below under "Exoenzyme activity"; also data not shown). These findings, coupled with the observation that the next predicted gene after rpoS in the V. vulnificus genome is mutS, which is transcribed in the opposite direction, indicates that the insertion within the rpoS gene did not have a polar effect.
Function of RpoS in stress survival. Other investigators have shown that rpoS mutants of various enteric bacteria and various Pseudomonas species are more susceptible to a variety of challenging conditions that are believed to represent stressful environmental changes (2, 15, 18, 19, 22, 38, 49) . According to these studies, we would expect the V. vulnificus mutant to be more sensitive to acidic, hyperosmotic, and oxidative conditions, among others. To test the overall fitness of the mutant in comparison with the parent strain, we cultivated both strains in HI broth at 22°C. Similar growth characteristics were observed with generation times of 43 and 48 min for V. vulnificus C7184o and AH1, respectively (data not shown).
To study the role of RpoS in surviving diverse environmental stresses, V. vulnificus C7184o and AH1 cells from stationaryphase cultures were exposed to various challenges, and the survival rates were determined by plate counts. Over a time period of 60 min, AH1 cells were significantly less resistant to 2.7 M NaCl in ASW than were C7184o cells (Fig. 1A) . In acidic conditions (HI broth, pH 4.0), RpoS enhanced survival markedly, as the ability to culture AH1 cells rapidly dropped below the detection limit, while C7184o cells remained at high levels (Fig. 1B) . AH1 cells were much more sensitive to H 2 O 2 than their wild-type counterparts (Fig. 1C) . To mimic nutrient deprivation in a natural estuarine environment, microcosms of both strains in nutrient-free ASW were prepared. During the initial phases of starvation, the survival of AH1 cells was greatly reduced compared to the survival of C7184o. However, at later time points and throughout the duration of the study, the remaining population was not dramatically different from the parent strain population (Fig. 1D ). When exposed to 12.5% ethanol, the mutant seemed to be only slightly more susceptible than the parent strain (data not shown). Both the parent strain and rpoS mutant survived 10% ethanol equally well but did not survive concentrations higher than 12.5% (data not shown). Both strains showed a similar decline in plate counts when exposed to a classic heat shock procedure (42°C after growth at 30°C [data not shown]).
Catalase activity. As RpoS in E. coli is known to function in the oxidative stress response and our survival experiments suggested a major role for RpoS during H 2 O 2 exposure, we monitored catalase activity in V. vulnificus cells. Results are shown in Table 2 . Both the parent strain and the rpoS mutant strain possess an insignificant amount of catalase activity (0.2 and 0.3 U/mg of cell mass, respectively) during logarithmic phase. The catalase activity for wild-type cells in stationary phase and in exponentially growing cells that were exposed to 50 M H 2 O 2 increased to 4.1 and 5.8 U/mg, respectively. Catalase activity in the rpoS mutant was increased during stationary growth and after induction of logarithmic cells but was 37% and 28% less than that of the parent strain. The loss of catalase activity in the rpoS mutant is not nearly as dramatic as the decline in survivability when exposed to 2 mM H 2 O 2 (Fig. 1C) .
Exoenzyme activity. V. vulnificus produces and secretes a variety of macromolecule-degrading proteins that likely contribute to the survival of this organism in a variety of environmental conditions. Such enzymes include a metalloprotease, hemolysin, collagenase, and lipase. We investigated the ability of the V. vulnificus wild-type strain C7184o and the rpoS mutant strain to degrade nine different macromolecules. After the bacteria were grown overnight at 37°C, the wild-type strain showed a clearing zone around the colony of 3.0 Ϯ 0.4 mm, indicative of caseinase activity. Neither the rpoS mutant nor the mutant with a vector control showed activity (0.2 Ϯ 0.3 and 0.4 Ϯ 0.6 mm, respectively). With the RpoS expression plasmid in trans, the clearing zone was comparable to that of the wild type (5.5 Ϯ 0.1 mm), indicating a restoration of caseinase activity. The results from the remaining exoenzyme activity tests are summarized in Table 3 . The wild-type strain gave positive results for all nine exoenzyme activities. The mutant was negative for three enzymes (albuminase, caseinase, and elastase). Additionally, clearing zones produced by collagenase and gelatinase activity were 35 and 40% smaller, respectively, than those of the wild type.
To investigate these differences in more detail, cultures of V. vulnificus C7184o and AH1 were grown and samples were taken periodically to determine cell density and caseinase, elastase, and collagenase activity of cell-free supernatants. These results are shown in Fig. 2 . Exoenzyme activities in the wild type increased dramatically in the late stationary phase of growth. In fact, at earlier time points, enzyme activities were at Fig. 2A ) and elastin-Congo red (Fig. 2B) . Only during incubation of cellfree supernatants of the mutant with hide powder azure (collagenase activity [ Fig. 2C ]) was some degradation measured (optical density at 610 nm of 0.13 for late-stationary-phase cells). Virtually no degradation was observed for azoalbumin (data not shown). These data confirm the plate results described above and show that RpoS is required for these exoenzyme activities.
Motility. The role of RpoS in the motility of V. vulnificus is demonstrated in Fig. 3 . Aliquots of stationary-phase cultures were plated on M agar and incubated for 20 h at 22°C. The rpoS mutant strain did not move from the original inoculum spot (Fig. 3A) . The wild-type strain C7184o showed typical movement after 20 h (Fig. 3B) . The mutant containing the complementing plasmid, pTR3, appeared to be nearly as motile as the wild-type strain (Fig. 3C) . These results indicate that RpoS is required for motility of stationary-phase V. vulnificus cells.
DISCUSSION
When grown to stationary phase, V. vulnificus lacking rpoS is impaired in its ability to survive osmotic, acidic, or oxidative challenge and the initial phase of long-term starvation. These results indicate that RpoS is necessary for the ability of V. vulnificus to adapt to many of the environmental stresses that it is likely to encounter. In addition, RpoS was required for full activity of five of the nine exoenzymes studied. These findings further indicate a role for RpoS in the adaptation of V. vulnificus to a dynamic environment. Finally, the rpoS mutant strain was shown to be significantly less motile than the wild type. Together these results demonstrate that RpoS is part of a regulatory network in V. vulnificus that helps the bacterium to thrive in diverse niches. These results are similar to those reported for Pseudomonas aeruginosa (15, 47) , where an rpoS mutant was found to be more sensitive to carbon starvation, hydrogen peroxide, heat, elevated osmotic levels, acid pH, and ethanol. Altered motility and significant reduction in the level of exotoxin A, but not phospholipase C or elastase, have also been reported in P. aeruginosa mutants (47) . Similarly, a V. cholerae rpoS mutant was found to be impaired in survival against hydrogen peroxide, hyperosmotic conditions, and carbon starvation and to exhibit reduced protease production (50) . The regulation of rpoS transcription and the phenotypic consequences of RpoS loss in E. coli and other closely related bacteria have recently been reviewed by Venturi (49) and Hengge-Aronis (9, 10).
Most striking was the high sensitivity of V. vulnificus AH1 to oxidative stress (nearly a 6,000-fold decrease in viability). Re-FIG. 2. Exoprotease activity of wild-type strain C7184o and rpoS:: pHA4 strain AH1 of V. vulnificus. Cultures of C7184o (s) and AH1 (OE) were grown in HI broth at 37°C with shaking. At various time points, aliquots were taken, and cell-free supernatants were prepared. Exoprotease activity in C7184o (ᮀ) and AH1 (‚) supernatants were determined. Graphs show degradation of azocasein (A), elastin-Congo red (B), and hide powder azure (C) at 37°C. Experiments were repeated at least once; shown is a typical result. 
a Symbols: ϩ, expressed; Ϫ, not expressed; ϩ/Ϫ, activity was 35 to 40% less than the activity in the wild type on the basis of clearing zone size; ϩ (␣), alpha hemolysis.
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on September 7, 2017 by guest http://aem.asm.org/ active oxygen species may result from the oxidative burst of host macrophages during infection or from UV irradiation of water. Therefore, oxidative resistance plays a role in the persistence of pathogens in the human host and in survival in aquatic environments. In E. coli, this RpoS regulon includes a variety of genes involved in the oxidative stress response (for a recent review on oxidative stress, see reference 45). Among these genes are xthA (exonuclease III), dps (nonspecific DNA binding protein), sodC (periplasmic superoxide dismutase), and both katG and katE (hydroperoxidase I and II, respectively). The expression of some of these genes (e.g., katG and dps) is also under the control of the oxidative stress response regulator, OxyR. The relationship between both response regulators, OxyR and RpoS, is even more complex, as data suggest that that oxyR expression itself is under the control of RpoS (25) . Additionally, the expression of rpoS is controlled by the OxyS RNA whose expression is activated by OxyR (51). We are currently examining the role of OxyR in the oxidative stress response of V. vulnificus. It was reported earlier that V. vulnificus strain C7184o possesses a large variety of macromolecule-degrading enzymes (36) . The rpoS-deficient mutant was impaired in albuminase, caseinase, and elastase activity. Additionally, gelatinase and collagenase activities were greatly reduced in this strain. At least two proteins could be responsible for these results. The purified metalloprotease (encoded by vvp) is reported to have caseinolytic, elastolytic, and collagenolytic activities (29) . Additionally, the gene product of vvpE, an elastolytic metalloprotease (elastase), is known to be partially regulated by RpoS (12, 13) . It is not clear whether the remaining collagenase and gelatinase activities observed in the mutant on plate assays are due to a third, still unknown collagenase. Taken together, our data suggest that RpoS regulates the expression of genes encoding possible virulence determinants that are responsible for the enormous tissue damage which occurs during infection (30, 31, 33) . As knockout mutations in either vvpE or vvp do not affect the ability to infect mice (13, 42) , one would assume that the sum of all factors involved rather than one single virulence determinant results in the highly invasive character of this human pathogen. As an alternative sigma factor, RpoS is involved in a variety of processes, and its deficiency likely has a pleiotropic effect under a variety of stressful situations that exceeds its influence on a single factor, e.g., the metalloprotease or elastase. Furthermore, we have shown that the rpoS mutant strain is substantially less motile than the wild-type strain. A recent report has shown that due to an insertion in flgC, nonmotile cells of V. vulnificus exhibit decreased virulence in mice (39) . We are currently investigating the virulence of the rpoS mutant strain in the mouse model.
The studies reported here indicate that an RpoS-deficient mutant of V. vulnificus is impaired in surviving various stressful conditions. Moreover, it is shown that the rpoS mutant lacks proteolytic activities that are potentially important for virulence. More systematic work must be undertaken to understand the role RpoS plays in surviving host-induced stress and virulence of pathogenic bacteria. Our experimental results are supported by data published by others and suggest a larger function for this alternative sigma factor in infection and pathogenesis than what we previously understood.
